Integrated Approach to CO2 Capture: Fuel Gas Decarbonisation  by Veenstra, P. et al.
 Energy Procedia  63 ( 2014 )  2054 – 2059 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
doi: 10.1016/j.egypro.2014.11.221 
GHGT-12 
Integrated Approach to CO2 Capture: fuel gas decarbonisation 
P. Veenstraa,*, M. Iyerb, A. Nijmeijera, F. Geuzebroeka, R. Moenea, J. Saukaitisb 
a Shell Global Solutions International B.V., P.O. Box 38000, 1030 BN, Amsterdam, The Netherlands  
b Shell International Exploration and Production Inc.   
Abstract 
In this presentation, the opportunities for pre-combustion capture of fuel gas at a world-scale manufacturing 
complex will be evaluated. The work focusses on decarbonising fuel gas at a central location in a manufacturing 
complex to create a hydrogen rich fuel gas pool ready for use in existing or slightly modified heating equipment and 
a high pressure CO2 stream ready for storage. Evaluations are based on current reforming and gasification 
technologies in combination with available gas treating line-ups, as well as new line-ups with emerging gas 
separation technologies, like high temperature membranes. Dependent on the local process boundary conditions 
(sweet or sour fuel gas) one or more technologies can be suitable. Current conclusion is that the concept of pre-
combustion capture at a world scale manufacturing location is feasible with available technologies.  
It is advised to demonstrate at a scale which is sufficiently large to evaluate the performance and reliability of the 
individual technologies as well as the complexity of integration with the manufacturing. This presentation will 
reveal some of the technology aspects regarding the minimum scale for a demo regarding membrane technology.  
Several membrane based process schemes have been short listed for these fuel decarbonisation demonstration 
projects. Recovery of CO2 at high pressure and high purity (>90 mol%) as well as carbon conversions in excess of 
equilibrium limits may be achieved using various process schemes patented by Shell [1,2].  
Successful evaluations of CRI/Criterion H2 separation membranes in membrane steam reformers and as high 
temperature membrane separators have been performed by CRI/Criterion [3]. These membranes can be produced 
with a hydrogen permeance in the range of 50-70 [Nm3/m2.h.bar0.5]. Both the hydrogen flux and the separation 
selectivity are stable at temperatures of 300 - 500 oC and large differential pressures (tested up to 68 bar). H2 purity 
of >99% has been demonstrated for long periods (over 1 year) in high temperature gas separations. 
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1. Introduction 
Population growth and economic development are driving up energy demand. All energy sources will be needed, 
with fossil fuels meeting the bulk of demand. At the same time CO2 emissions must be reduced to avoid serious 
climate change. To manage CO2, governments and industry must work together. Government action is needed and 
we support an international framework that puts a price on CO2, encouraging the use of all CO2-reducing 
technologies. Shell is taking action across four areas to help secure a sustainable energy future : natural gas, 
biofuels, carbon capture and storage, and energy efficiency. 
Potential viable business cases have been developed in the area of carbon capture via integrated process 
schemes, of which some have been shared via patent applications. In particular schemes with membrane 
technologies which can be operated at elevated temperature and pressure  have  shown to be enabling for other 
process schemes where synthesis gas and hydrogen play a role. Hydrogen separating through metal based membrane 
technology is one of those enabling technologies, which can play amongst others a significant role in the area of pre-
combustion capture of CO2, and in particular fuel gas decarbonisation of a fuel pool. As part of the technology 
development, significant progress has been made over the years in consistent manufacturing procedures, long 
duration testing, effects of process up-set conditions, effects of certain contaminants, development of detailed 
models to describe the membrane performance and membrane module, and of course the overall performance of 
different process schemes. This work is focusing on the importance of long duration testing, the effect of H2S, and 
some of the membrane  manufacturing improvements. The dedicated effort  led to a CRI/Criterion palladium 
membrane technology which has shown best-in-class performance and is ready for demonstration phase.  
 
2. Development and testing 
There are several ways to produce hydrogen. One option is steam reforming of hydrocarbons. In a typical line-
up, the steam reformer produces synthesis gas (syngas), a mixture of carbon monoxide and hydrogen. There then 
follows a water–gas shift step in which carbon monoxide is converted into hydrogen and carbon dioxide. The 
hydrogen can be separated out using a membrane and the carbon dioxide can then be captured. There are also 
opportunities to separate hydrogen out of a syngas stream as a pure product. The integration of palladium 
membranes into such line-ups has shown to be very promising.  
The use of these membranes has various advantages, including producing an elevated-pressure hydrogen 
stream and a carbon dioxide stream at process pressure. In particular, the last feature enables efficient integration in 
a pre-combustion carbon capture line-up [Ref 1, 2, 3].  
Dedicated research and development efforts by CRI/Criterion and Shell have led to best-in-class palladium 
membranes that have shown long durability (more than a year), high hydrogen flux and a consistently pure hydrogen 
product stream . Although a large range of conditions has been tested, typical steam methane reformer/water–gas 
shift conditions are 51.6% hydrogen, 29.4% water, 12.5–14.9% carbon dioxide, 0–2.4 % carbon monoxide and 4.1% 
methane at a temperature of 430–450 °C and an operating pressure of 30 bar.  
Figure 1 shows an  example of a long duration test on a CRI/Criterion membrane for hydrogen separation. Hydrogen 
is produced at greater than 99 mol% purity at 4.5 bara and 430 °C for a period of over a year.  
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Figure 1: A 10,000-hour performance test on a palladium membrane.
 
The above picture shows a palladium membrane after a long duration test. Besides the fact that the membrane 
performed well over periods for over a year, it also clear that the membrane can handle the conditions without 
showing mechanical damage, fractures  or fouling patterns. 
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As part of the de-risking of the membrane technology, a large suite of conditions was tested, including a trans-
membrane pressure up to 68 bar (at 450°C), short cycle temperature and pressure swings, and the effects of 
contaminants such as hydrogen sulphide (H2S). During the test matrix a range of H2S concentrations was covered 
between 100 ppb and 50 ppm, with as aim to check whether a palladium based membrane can handle an up-set 
condition. The intension of those experiments was not to test a sustained period (years) of operation with H2S in the 
feed. 
 
Figure 2: the effect of a typical hydrogen sulphide upset condition with 2-ppm hydrogen sulphide in the feed 
on a palladium–silver membrane and the full recovery of membrane performance after this upset. These tests were 
done in close collaboration with Sintef in Norway. 
 
 
Figure 3: an example of a sudden pressure swing and the effect on hydrogen purity. 
 
Examples such as presented in Figure 1, 2 and 3 are important as foundation to move towards a demonstration and 
are also important to convince people in operations of the final application in the field. 
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3. Membrane manufacturing improvements and manufacturing monitoring 
CRI/Criterion has continued to make improvements in the manufacturing technology by incorporating key 
pieces of equipment. This equipment includes a hydrogen annealing oven that enables the treatment of the plated 
palladium tubes under reaction conditions. This process is repeated after each plating step. 
         
The picture on the left shows the annealing oven, while on the right hand site a part of the robotic arm in 
contact with a membrane support  is shown. The utilisation of a robotic polisher with a specific medium eliminates 
operator error, which results in highly reproducible polishing. This has reduced the number of plating steps 
significantly and has led to thinner membranes (5–8 μm). The very well defined conditions, the size and 
simultanuous annealing of membranes as well as the automated polishing machine are playing a significant role in 
faster membrane manufacturing procedures, fewer steps, and ultimately better and consistent performing 
membranes. 
Next to consistent manufacturing procedures as described above, it is important to be able to monitor the 
quality of each manufacturing step. An optical profilometer from enables assessment of the surface roughness of the 
vendor supports and the surface of the membrane at each step in the process. In order to make a thin membrane, a 
very smooth surface is required. The profilometer has facilitated the determination of the optimal properties of the 
porous metal support. It enables measurement of surface roughness during grading of the support with the barrier 
that prevents the metal of the porous support diffusing into the palladium layer. 
The use of an X-ray fluorescence instrument gives a nondestructive quantitative measurement of the metal and 
the diffusion barrier thickness. This is a technique rarely applied in this area. It enables the determination of the 
metal thickness across the entire length of the membrane, which greatly assists the optimisation of the conditions for 
the plating bath.  
CRI/Criterion membranes tested on metallic supports have shown robust performance. They have permeances 
in the range 17 to 39 Nm3/m2/hr/bar0.5 at lab scale. Some revisions in particle size distribution have been made in 
order to improve issues with microporosity and support flux. The change in metallurgy of the support has also 
required changes in various aspects of membrane preparation. The flux of the support is a function of many 
parameters that need adjusting to maximise the support for the CRI/Criterion process. The particle size distribution 
and particle shape of the powder, the compacting pressure and the annealing temperature affect the outcome.  
For commercial scale operation it is needed to produce more and longer membranes. In order to understand of 
up-scaling a detailed fluid flow model is build, including the effects of flow regime at the process and permeate site, 
support, and specifics of the active membrane layer. This model helped to understand the specific preformance of 
the membrane, however, also revealed the effects of the process conditions (pressure, temperature), gas composition 
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and target recovery. Beyond those typical process parameters it also becomes clear that lab scale results need to be 
translated to what can be expected at commercial scale in terms of flow regime and mass transfer resistances. Often 
lab scale experiments are done in laminar flow regime while at commercial scale the membranes will operate in 
turbulent regime. The developed model is calibrated against many parameters and helps to perform relevant 
sensitivity studies and can predict what is expected as performance at commercial scale. 
 
4. Conclusions 
        The identification of relevant process schemes for fuel gas decarbonisation revealed that metal based palladium 
membranes can play an enabling role. Through the development of consistent and automated manufacturing and 
welding procedures, careful selection of suitable materials and dedicated monitoring tools we are able to produce 
very consistent and high performing membranes which can separate H2 from a mixture of CO2 and H2 at relevant 
conditions (high temperature and pressure). The H2 will be produced at elevated pressure, while the CO2 is produced 
at pressures close to the process pressure. The combination makes the technology highly relevant for pre-
combustion capture processes, like fuel gas decarbonisation. The current manufacturing procedures are suited to 
produce a significant number of membranes, which can be implemented in a module for a demonstration beyond lab 
scale. Detailed models help to understand the underlaying performance at lab scale and predict at targeted 
commercial scale. 
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